The introduction of metallic nanostructures in optical fibers has revolutionized the field of plasmonic sensors since they produce sharper and fine-tuned resonances resulting in higher sensitivities and resolutions. This article evaluates the performance of three different plasmonic optical fiber sensors based on D-type and suspended core fibers with metallic nanowires. It addresses how their different materials, geometry of the components, and their relative position can influence the coupling between the localized plasmonic modes and the guided optical mode. It also evaluates how that affects the spatial distributions of optical power of the different modes and consequently their overlap and coupling, which ultimately impacts the sensor performance. In this work, we use numerical simulations based on finite element methods to validate the importance of tailoring the features of the guided optical mode to promote an enhanced coupling with the localized modes. The results in terms of sensitivity and resolution demonstrate the advantages of using suspended core fibers with metallic nanowires.
Introduction
Using nanostructures such as metallic nanowires permits the generation of localized plasmonic effects that present very thin spectral widths, a feature that is fundamental to achieve high refractive index sensitivities and extremely low resolution values. For that, tailoring sensing structures design is of the utmost relevance to achieve higher performances. Thus, the goal is to customize the design of the sensing structure to optimize the coupling between the fundamental guided core mode with localized plasmonic wire modes. This kind of sensing structure has the capacity to enhance the sensitivity and resolution to external refractive index changes, and to simultaneously measure other important parameters like temperature, allowing correct refractive index measurements, independent of temperature cross effects [1] [2] [3] .
Previous research work of the authors has been oriented to comprehend the effects of optical fiber sensing structural geometries in guided mode properties [4] [5] [6] . Different metal thicknesses, different materials, and different optical fiber geometries have been also tested in order to optimize the interaction between the guided mode and the plasmonic modes. For instance, diverse metallic Photonics 2019, 6, 100 2 of 8 elements have been also experimented, such as conventional metallic layers, artificial metamaterial layers [7] [8] [9] [10] [11] , and more recently, nanowires [12] [13] [14] [15] , with the objective of improving and tailoring the properties of the plasmonic modes, such as spectral width, magnitude, and wavelength.
When using an optical D-type fiber, the fundamental guided mode is strongly confined in the core and does not excite the localized plasmonic modes of the metallic nanowire mounted on the top of the flat surface. On the other hand, the light guided in a suspended core fiber is not confined to a well-defined circular domain. In fact, light extends over the silica central area to produce a stronger excitation of the plasmonic modes in the metallic nanowire.
Therefore, in this work we investigate the use of a suspended core optical fiber structure in conjunction with a metallic nanowire and compare it with a conventional D-type optical fiber structure with a metallic nanowire. To increase the scope of the analysis, we investigate two different D-type optical fibers. One more conventional, with a germanium doped silica core and a fluor doped silica cladding, and a second one with an undoped silica core and a fluor doped silica cladding fiber. The material properties of this second D-type optical fiber are closer to those of the suspended core optical fiber. The work is based on simulation models using the finite element method (FEM) and is performed in COMSOL Multiphysics [4] [5] [6] . The article addresses how the material and geometrical parameters of the two types of optical fibers, with a metallic nanowire, can be customized to optimize the plasmonic effects and ultimately enhance the sensitivity and resolution to the refractive index of the external medium.
Materials and Methods
We consider three optical fiber sensing structures for refractive index measurement. Two of the sensing structures are based on a D-type fiber profile with a gold wire positioned on the flat surface, being one of them with a silica core doped with germanium (16%) and a silica cladding doped with fluor (3%), and the other with a pure silica core and a silica cladding doped with fluor (3%). The diameter of the core is 3200 nm and the diameter of the metallic wire is 600 nm.
The third optical fiber sensing structure for refractive index is based on a suspended core fiber with a core of undoped silica. Approximately one third of the cladding (the upper part) is filled with external refractive index to be measured, and the other two thirds are filled with air. The suspended core fiber capillaries form an angle of 120 • between them and have a thickness of 800 nm. The gold wire is placed at the upper external side of the junction of three suspensions and is exposed to the external refractive index. The offset of the gold nanowire to the center of the fiber is 1400 nm, being the core curvature 5000 nm. Figure 1 illustrates the two designs. "In this case, only one of the holes of the suspend core fiber is exposed to the external refractive index [16] ."
The refractive indexes of the undoped and doped silica materials were calculated using the Sellmeier equation [6] . For the calculation of the refractive index of the gold wire the Drude equation was used [17] . The space above the core of the fibers is filled with a medium characterized by the so called external refractive index, denoted as n ext and represented in blue in Figure 1 .
It is possible to characterize the optical properties of the fundamental and localized modes, in the core and in the metallic nanowires respectively, in terms of their dispersion curves. Their intersection corresponds to the optimal conditions for the coupling between the fundamental mode of the core and the localized plasmonic modes of the metallic nanowire, forming the supermodes [18, 19] . It is possible to numerically compute all these modes by resolving the wave equation for the electric field Fourier components,
where E(r,ω) is the electric field and the term ε r denotes the complex relative dielectric function, written as the real part (n r ') and the imaginary part (n r ") of the refractive index. k 0 = ω/c is the field mode wave-number, being ω the angular frequency and c the light speed. It is possible to characterize the optical properties of the fundamental and localized modes, in the core and in the metallic nanowires respectively, in terms of their dispersion curves. Their intersection corresponds to the optimal conditions for the coupling between the fundamental mode of the core and the localized plasmonic modes of the metallic nanowire, forming the supermodes [18, 19] . It is possible to numerically compute all these modes by resolving the wave equation for the electric field Fourier components,
where E(r,ω) is the electric field and the term ̃ denotes the complex relative dielectric function, written as the real part (nr') and the imaginary part (nr'') of the refractive index. k0 = ω/c is the field mode wave-number, being ω the angular frequency and c the light speed.
Loss is one of the study parameters of the simulation analysis and it is described in decibels as
where α = 2nef''k0 is the power absorption coefficient and L is the interaction length of the sensor (1 mm). Other parameters examined are sensitivity (S) and resolution (R), which are calculated as [7] : Loss is one of the study parameters of the simulation analysis and it is described in decibels as
where α = 2n ef "k 0 is the power absorption coefficient and L is the interaction length of the sensor (1 mm). Other parameters examined are sensitivity (S) and resolution (R), which are calculated as [7] :
where ∆λ peak is the shift in wavelength of the resonance peak obtained from the simulation analysis for different external refractive indexes (n ext ) and λ min is the minimum wavelength value between two spectral lines that can be detected experimentally.
Results and Discussion
In this section, we analyze the real and imaginary part of the refractive index (RI) of the three sensors in terms of the features of the resonance peaks corresponding to the supermodes. We also analyze the loss spectrum and compare the performance of the three sensor configurations in terms of sensitivity and resolution. Figure 2a presents RI real part of the plasmon modes of the nanowire (m = 1, 2) for an external refractive index of 1.36 and of the fundamental modes of the two D-type optical fibers for an external refractive index of 1.36. Figure 2a shows also the imaginary part of the RI of the sensors. All curves are as function of wavelength, for a range between 550-1050 nm. The crossing between the dispersion curves (curves of the fundamental modes of the fibers and curves of the metal nanowire modes, m = 1 and m = 2) are specified by the circular dots and whose frequencies match those of the peaks, indicated by the squared dots in the RI imaginary part curve, which demonstrates resonate couplings. Therefore, we are in the presence of four phase-matching points (the circular dots of Figure 2a ), and four resonance peaks (the squared dots of Figure 2a) , that indicate the occurrence of the four supermodes (A-D).
In this section, we analyze the real and imaginary part of the refractive index (RI) of the three sensors in terms of the features of the resonance peaks corresponding to the supermodes. We also analyze the loss spectrum and compare the performance of the three sensor configurations in terms of sensitivity and resolution. Figure 2a presents RI real part of the plasmon modes of the nanowire (m = 1, 2) for an external refractive index of 1.36 and of the fundamental modes of the two D-type optical fibers for an external refractive index of 1.36. Figure 2a shows also the imaginary part of the RI of the sensors. All curves are as function of wavelength, for a range between 550-1050 nm. The crossing between the dispersion curves (curves of the fundamental modes of the fibers and curves of the metal nanowire modes, m = 1 and m = 2) are specified by the circular dots and whose frequencies match those of the peaks, indicated by the squared dots in the RI imaginary part curve, which demonstrates resonate couplings. Therefore, we are in the presence of four phase-matching points (the circular dots of Figure 2a ), and four resonance peaks (the squared dots of Figure 2a) , that indicate the occurrence of the four supermodes (A-D). In the inset of Figure 2a are shown the detailed light intensity distributions of the metallic nanowire plasmon modes taken isolated, namely for m = 1, 2, respectively. Figure 2b images illustrate the detailed light intensity distribution in the cores of the fibers and in the respective metal wires for supermodes A-D, for the two D-type fiber sensing structures. As it can be seen by images of Figure  2b , the mode hybridization alters the light distribution, but it maintains the plasmon modes dipolar (supermodes A and C) and quadrupole characteristics (supermodes B and C), respectively [18] . In this article, we will focus our attention on supermode A of the pure silica D-type fiber and supermode C of the germanium doped core of the D-type fiber, since they present stronger loss peaks, which is potentially better for sensing in terms of sensitivity and resolution. In the inset of Figure 2a are shown the detailed light intensity distributions of the metallic nanowire plasmon modes taken isolated, namely for m = 1, 2, respectively. Figure 2b images illustrate the detailed light intensity distribution in the cores of the fibers and in the respective metal wires for supermodes A-D, for the two D-type fiber sensing structures. As it can be seen by images of Figure 2b , the mode hybridization alters the light distribution, but it maintains the plasmon modes dipolar (supermodes A and C) and quadrupole characteristics (supermodes B and C), respectively [18] . In this article, we will focus our attention on supermode A of the pure silica D-type fiber and supermode C of the germanium doped core of the D-type fiber, since they present stronger loss peaks, which is potentially better for sensing in terms of sensitivity and resolution.
Turning our attention to the suspended core fiber and performing the same type of analysis, Figure 3a illustrates the RI real part of the plasmon modes of the nanowire (m = 1, 2) and of the fundamental modes of the suspended core optical fiber for an external refractive index of 1.36. Figure 3a presents also the RI imaginary part for the suspended core fiber sensing structure. All curves are as function of wavelength, for a range between 550-1050 nm. Again, the crossing between dispersion curves (curves of the fundamental mode of the fiber and curves of the metal nanowire modes, m = 1 and m = 2) are specified by the circular dots and whose frequencies match those of the peaks, indicated by the squared dots in the RI imaginary part curve, which demonstrates resonate couplings. Again, we Photonics 2019, 6, 100 5 of 8 are in the presence of two phase-matching points (the circular dots of Figure 3a ), and two resonance peaks (the square dots of Figure 3a) , that indicate the occurrence of the two supermodes (E and F).
plasmon modes taken isolated, namely for m = 1, 2, respectively. A strong dipole moment for supermode E and a strong quadrupolar moment for supermode F is noticeable. Figure 3b images illustrate the detailed light intensity distribution in the core of the suspended core fiber and in the metal wire for supermodes E and F, respectively. As it can be seen by images of Figure 3b , the mode hybridization changes the light distribution, but it maintains the plasmon modes dipolar and quadrupole characteristics. Again, in this analysis and for the suspended core fiber, we will focus our attention to peak E (supermode E), since it presents a stronger loss peak, which is potentially better for sensing in terms of sensitivity and resolution. The results found with the suspended core fiber are qualitatively very analogous to those found for the two D-type fibers, since the hybridization between the fundamental mode and the plasmons modes preserves the dipole and quadripolar moment of the respective supermodes. The main modification obtained is in the scale of the losses and the sharpness of the respective loss peaks, which have been enhanced in the suspended core fiber sensing structure. This outcome suggests that the light intensity distribution of the fundamental mode in the suspended core favors a higher coupling between this mode and the plasmon modes of the metallic nanowire. In fact, the geometry of the suspended core fiber permits a larger overlap of the fundamental guided mode with the wire plasmon modes, which according to the mode coupling theory, results in a stronger mode coupling and with sharper resonances [19] . Again, in this article and for the suspended core fiber sensing In the inset of Figure 3a are shown the detailed light intensity distributions of the metallic plasmon modes taken isolated, namely for m = 1, 2, respectively. A strong dipole moment for supermode E and a strong quadrupolar moment for supermode F is noticeable. Figure 3b images illustrate the detailed light intensity distribution in the core of the suspended core fiber and in the metal wire for supermodes E and F, respectively. As it can be seen by images of Figure 3b , the mode hybridization changes the light distribution, but it maintains the plasmon modes dipolar and quadrupole characteristics. Again, in this analysis and for the suspended core fiber, we will focus our attention to peak E (supermode E), since it presents a stronger loss peak, which is potentially better for sensing in terms of sensitivity and resolution.
The results found with the suspended core fiber are qualitatively very analogous to those found for the two D-type fibers, since the hybridization between the fundamental mode and the plasmons modes preserves the dipole and quadripolar moment of the respective supermodes. The main modification obtained is in the scale of the losses and the sharpness of the respective loss peaks, which have been enhanced in the suspended core fiber sensing structure. This outcome suggests that the light intensity distribution of the fundamental mode in the suspended core favors a higher coupling between this mode and the plasmon modes of the metallic nanowire. In fact, the geometry of the suspended core fiber permits a larger overlap of the fundamental guided mode with the wire plasmon modes, which according to the mode coupling theory, results in a stronger mode coupling and with sharper resonances [19] . Again, in this article and for the suspended core fiber sensing structure, we will focus our attention to peak E (supermode E), as it presents a stronger loss peak, and is potentially better in terms of sensing sensitivity and resolution. Figure 4 shows the loss as function of wavelength, for different values of the external refractive index of 1.32 to 1.36 for the two sensing structures based on D-type fiber (Figure 4a ) and of the two best sensing structures, the D-type fiber with a core of pure silica and the suspend core fiber, sensing structure ( Figure 4b ). As referred from Figures 2 and 3 , it is clearly observable in Figure 4b that the losses are higher for the suspended core fiber, which gives an indication of potentially better sensitivities and resolutions. Again, this is attributed to the fact that the quantity of light in the suspended core fiber that interacts with the respective metallic wire is higher than in the other sensing structure based on the D-type fiber, resulting in higher resonance phenomena for the suspended core fiber configuration.
losses are higher for the suspended core fiber, which gives an indication of potentially better sensitivities and resolutions. Again, this is attributed to the fact that the quantity of light in the suspended core fiber that interacts with the respective metallic wire is higher than in the other sensing structure based on the D-type fiber, resulting in higher resonance phenomena for the suspended core fiber configuration.
As indicated, in Figure 4b , the higher peak presents a better result when compared with the lower peak. For both sensing configurations (D-type fiber with a core of pure silica and the suspend core fiber) and for the three values of the external refractive index [1.32, 1.34, and 1.36] the variation of the wavelength of the higher peak is substantially larger than of the lower peak. Qualitatively, the results indicate the importance of promoting the coupling of the fundamental core modes and the localized plasmon modes by increasing the overlap of their power distribution while guaranteeing the intersection of their dispersion curves. This is consistent not only with the results of previous simulations [4] [5] [6] 20] and experimental works [21, 22] , but also the predictions of the mode coupling theory [19] . Table 1 shows the sensitivity and resolution of the external refractive index for the three optical fiber sensing configurations (germanium doped core D-type fiber, pure silica core D-type fiber, and suspend core fiber). Using the data of Figure 4 and the Equations (3) and (4), the resolution and the sensitivity were obtained considering an experimental spectral variation detection of 0.1 nm. As predicted, the suspend core fiber presented overall the best results for the ranges of the external refractive index tested, followed by the pure silica core D-type fiber. The poorer results in terms of sensitivity and resolution were for germanium doped core D-type fiber. As indicated, in Figure 4b , the higher peak presents a better result when compared with the lower peak. For both sensing configurations (D-type fiber with a core of pure silica and the suspend core fiber) and for the three values of the external refractive index [1.32, 1.34, and 1.36] the variation of the wavelength of the higher peak is substantially larger than of the lower peak.
Qualitatively, the results indicate the importance of promoting the coupling of the fundamental core modes and the localized plasmon modes by increasing the overlap of their power distribution while guaranteeing the intersection of their dispersion curves. This is consistent not only with the results of previous simulations [4] [5] [6] 20] and experimental works [21, 22] , but also the predictions of the mode coupling theory [19] . Table 1 shows the sensitivity and resolution of the external refractive index for the three optical fiber sensing configurations (germanium doped core D-type fiber, pure silica core D-type fiber, and suspend core fiber). Using the data of Figure 4 and the Equations (3) and (4), the resolution and the sensitivity were obtained considering an experimental spectral variation detection of 0.1 nm. As predicted, the suspend core fiber presented overall the best results for the ranges of the external refractive index tested, followed by the pure silica core D-type fiber. The poorer results in terms of sensitivity and resolution were for germanium doped core D-type fiber. 
Conclusions
The characteristics of localized plasmonic modes of the metal nanowire and their coupling with the fundamental optical guided mode depend on the type of materials employed in the sensing structures, and also on the geometry of the distinct components and their relative position. These features impact the optical power spatial distributions of the different modes and ultimately their overlap and coupling. In this article, we used numerical simulations based on FEM method to validate the relevance of shaping the characteristics of the fundamental guided optical mode to promote the coupling with the localized plasmonic modes of the metal nanowire, in the two types of optical fibers studied. The results favored clearly the suspended core fiber since the less confinement of the light in the core, in conjunction with its slightly rounded configuration, promotes a stronger resonant coupling between the guided mode and the metallic nanowire plasmonic modes, resulting in an enhanced sensitivity and resolution. Finally, the suspended core fiber in conjunction with a metallic nanowire has a lot of potential to improve further its plasmonic sensing capacities, both in its sensing properties, as well as in the number of physical parameters that can be detected.
